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The standard-model Higgs boson couples to quarks through a parity-even scalar Hqq¯ coupling. We show 
that the rare Higgs decay H → V Z , where V is a vector quarkonium state such as J/ψ (cc¯) or Υ (1S)
(bb¯), can be used to search for the presence of a parity-odd pseudoscalar Hqq¯ coupling. Since both V
and Z can decay to a pair of charged leptons, this presents an experimentally-clean channel that can be 
observed at the high-luminosity LHC or a future hadron collider. The P-even and P-odd Hqq¯ couplings 
can be measured by analyzing the angular distribution of the ﬁnal-state leptons.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
There is no doubt that the scalar particle of mass 126 GeV re-
cently discovered at the LHC by the ATLAS and CMS Collaborations 
[1,2] is the Higgs boson. However, a crucial question remains: is 
this the Higgs boson of the standard model (SM), or do its proper-
ties indicate the presence of new physics (NP)? To this end, there 
have been numerous studies of the Higgs couplings to SM parti-
cles.
At tree level, the Higgs can decay to the WW ∗ and Z Z∗ ﬁnal 
states. These decays have been measured, with the result that the 
couplings of the scalar agree well with the theoretical predictions 
for the SM Higgs boson [3,4]. The Z Z∗ state is observed through 
its decay to four leptons, and as such it presents a clean measure-
ment channel. The H → 4l decay process has therefore been used 
in several papers as a “golden channel” to look for NP [8,5–7]. At 
the loop level, the Higgs can also decay to γ γ and Zγ . These de-
cays can potentially probe the Higgs coupling to the top quark [9]. 
The measured rate for H → γ γ agrees reasonably well with the 
SM prediction [3,4].
Although measuring the Higgs couplings in the bosonic de-
cay channels takes priority, directly measuring its couplings in 
fermionic modes is also important. Indeed, one of the goals of the 
future LHC program is to precisely measure the Higgs’ couplings 
to all SM fermions. However, this is challenging. Since the top 
quark is heavy, the favorable modes for measuring the Higgs’ cou-
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SCOAP3.pling to top quarks involve Higgs production in association with 
tt¯ , a single t , or a single t¯ [10]. H → bb¯ and H → τ+τ− [3] have 
been observed at the LHC, but a precise measurement of the Hbb¯
and Hτ+τ− couplings will require further investigation. A direct 
measurement of Higgs’ couplings to the ﬁrst two generations of 
quarks is currently out of reach of experiments, though a search 
for H → μ+μ− was recently reported [11].
It seems clear that, in order to see evidence of NP in fermionic 
decay modes of the Higgs, a signiﬁcant improvement in sensitivity 
is needed. One potential way of improving the sensitivity to NP is 
to study experimentally-clean modes such as those in which the ﬁ-
nal state includes leptons. Such modes are rare but often free from 
backgrounds. One possibility is the decay H → l+l−γ , where l rep-
resents an electron or a muon. This has been examined in Ref. [12]. 
Although this decay channel is extremely rare due to the small SM 
Hl+l− coupling, it can receive a signiﬁcant contribution from the 
resonant production of a vector quarkonium state V , in which the 
V decays to an l+l− pair. Examples of such a state are J/ψ (cc¯) or 
Υ (1S) (bb¯). In this case, the decay H → V γ proceeds through the 
Hqq¯ coupling. Higgs Yukawa couplings to the ﬁrst- and second-
generation quarks can also be probed through rare Higgs decays in 
which the ﬁnal state consists of a QCD vector meson and an elec-
troweak gauge boson. These channels were studied in Ref. [13] and 
deemed promising for observation at the high-luminosity LHC and 
future hadron colliders.
The direct decay H → qq¯γ , also known as the inverse Wilczek 
process [14], has been studied in Refs. [12,15]. Ref. [12] also con-
siders the indirect decay process H → γ γ ∗ , in which the excited 
photon γ ∗ then decays to a quarkonium state. The conclusion is 
that the interference between the direct and indirect processes  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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high-luminosity LHC. In principle, the study of this process will al-
low us to probe the NP properties of the Hqq¯ coupling.
In the SM, the Hqq¯ coupling cS is purely scalar (parity-even). 
In NP models, a parity-odd pseudoscalar coupling cP can be gen-
erated. The Higgs decays should therefore be studied with the aim 
of detecting the presence of cP . Now, the interference of the SM 
scalar and NP pseudoscalar couplings will lead to P-odd observ-
ables. The examination of such observables will give information 
about cP , in particular whether it is nonzero.
However, this poses a problem. In H → V γ , the P-odd observ-
able is the triple product q · (ε∗V × ε∗γ ), where q is the difference 
between the momenta of the V and γ in the rest frame of the H , 
and ε∗V and ε∗γ are the polarizations of V and γ , respectively. But 
while ε∗V can be measured by studying the momenta of the lep-
tons in V → l+l− , ε∗γ cannot be measured since the photon does 
not decay. Thus, the process H → V γ cannot be used to obtain 
information about cP .
Still, this also indicates how to resolve the problem. The pho-
ton in H → V γ must be replaced by a vector that does decay, so 
that its polarization can be measured. The most obvious process is 
H → V Z , with Z → l+l− . There are other possibilities, but this de-
cay has the largest rate and is easiest to observe experimentally, 
due to the leptons in the ﬁnal state. The process H → J/ψ Z was 
studied in Ref. [17]. (Note also that nonstandard Hqq¯ couplings 
can enhance the decay rate [16,18].) In this Letter, we show how 
to test for the presence of a nonzero cP by studying the angular 
distribution of H → V Z .
In Section 2, we introduce the P-odd Hqq¯ coupling, and ex-
amine how it can arise in NP models. The matrix elements for 
H → V γ and H → V Z in terms of helicity amplitudes are dis-
cussed in Section 3. In Section 4, we show how to separate and 
measure the P-even and P-odd Hqq¯ coupling from the helicity 
amplitudes using an angular analysis (full details are given in Ap-
pendix A). We conclude in Section 5.
2. Hqq¯ coupling
We write the Hqq¯ coupling in the following form:
Lq = −mq
v
(
cS q¯q + icP q¯γ 5q
)
H . (1)
Here cS and cP represent, respectively, the P-even scalar and P-odd 
pseudoscalar couplings of the Higgs to a pair of quarks. In the SM 
the coupling is purely scalar, so that cS = 1 and cP = 0.
Nonstandard Higgs couplings to fermions can arise in many 
theories beyond the SM. These couplings can be modiﬁed com-
pared to the SM through mixing effects, when the SM Higgs boson 
mixes with other scalars, or through NP corrections to the Higgs-
fermion vertex [18]. Higgs mixing effects are less interesting for 
our purposes as they can be ﬁrst probed in Higgs decays to gauge 
bosons.
Modiﬁcations of the Higgs Yukawa couplings to fermions arising 
from dimension-six operators in an effective ﬁeld-theory frame-
work have been studied in several papers [19–21]. Below we focus 
on the up-type quark sector, but a similar analysis holds for down-
type quarks. The relevant operators are
LEFT = λui j Q¯ i H˜U j +
gui j
Λ2
Q¯ i H˜U j
(
H†H
)+ h.c. (2)
Here the ﬁrst term is the up-type Yukawa operator of the SM, 
while the second term is a dimension-six operator suppressed by 
the NP scale Λ. Q i and Ui (i = 1, 2, 3) are, respectively, the left-
handed quark doublets and right-handed quark singlets; H is the 
Higgs doublet, with H˜ = iσ2H∗ . λu and gu are generic complex Fig. 1. Feynman diagrams for H → V γ , where V represents a qq¯ state. The left-hand 
diagram involves the direct coupling of the Higgs to the quarks in V , while in the 
right-hand diagram the Higgs couples only indirectly to the quarks in V .
3 × 3 matrices in ﬂavor space. Setting the Higgs ﬁeld to its vac-
uum expectation value, we have H = (0, (v + h)/√2)T . The mass 
and linear Higgs coupling matrices are then
Muij =
v√
2
(
λui j +
gui j + gu∗i j
2
v2
2Λ2
)
,
Sui j =
1√
2
(
λui j + 3
gui j + gu∗i j
2
v2
2Λ2
)
,
Auij =
1√
2
(
3
gui j − gu∗i j
2
v2
2Λ2
)
. (3)
Here Sui j and A
u
ij are the scalar ( Q¯ iU j) and pseudoscalar ( Q¯ iγ5U j) 
couplings of the Higgs. In general, as we go from the gauge basis to 
the mass basis by diagonalizing λui j , ﬂavor-changing neutral-current 
(FCNC) couplings of the Higgs will be generated. As in Ref. [21], we 
assume that λui j and g
u
i j are aligned so as to avoid FCNC; such an 
assumption can be justiﬁed in certain scenarios [22]. We further 
assume that the only signiﬁcant corrections occur for the charm-
quark couplings to the Higgs (or for the bottom-quark couplings to 
the Higgs in the down-type quark sector).
In Ref. [21] several different theoretical frameworks are consid-
ered that can lead to an Hqq¯ coupling signiﬁcantly larger than in 
the SM. These include a two-Higgs-doublet model with minimal 
ﬂavor violation (MFV) [23–26], a general MFV [27] scenario with 
only one Higgs doublet, and composite models in which the Higgs 
ﬁeld is realized as a pseudo-Nambu–Goldstone boson (pNGB). In 
the composite pNGB Higgs models, modiﬁcations of the Higgs 
couplings to up-type quarks are parametrized by the effective La-
grangian in Eq. (2), with Λ replaced by the global symmetry-
breaking scale f , the “decay constant” of the pNGB Higgs [28,
29]. Corrections to the Hcc¯ coupling are considered in this frame-
work in Ref. [30], and it is found that, for a fully-composite charm 
quark, a large enhancement of the coupling is possible. There are 
interesting attempts to understand the small light-quark masses 
in terms of suppressions from higher-dimensional operators con-
structed from the Higgs ﬁeld [16,31]. These models can lead to 
large modiﬁcations of the Higgs couplings to the light fermions. 
Finally, we note that the P-odd pseudoscalar coupling cP can be 
constrained from low-energy bounds on electric dipole moments 
under certain assumptions, but the constraints for the charm and 
bottom quark couplings are quite weak at present [32].
3. H → V1V2: amplitude
3.1. H → V γ
In H → V γ , the vector meson V is a qq¯ pair. The Feynman 
diagrams for this decay are shown in Fig. 1. At tree level, the pro-
duction of V γ involves the Hqq¯ coupling. This is shown in the 
left-hand diagram of Fig. 1. At loop level, the vector can be pro-
duced from the decay of an off-shell neutral gauge boson γ ∗ or 
Z∗ . However, the loop-level diagram shown on the right-hand side 
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not give rise to a P-odd term in the amplitude. We therefore focus 
primarily on the tree-level diagram.
We begin by calculating the tree-level amplitude for H → qq¯γ . 
The ﬁnal-state quark and antiquark then need to be dressed so 
that they form the vector quarkonium state V , where the relative 
motion between the q and q¯ within V is small compared to the 
large momentum of V itself. This calculation can be done within 
the framework of non-relativistic QCD (NRQCD) [33,34] by expand-
ing in powers of the small relative velocity. For our purposes, we 
stick to the leading order result in NRQCD where one neglects any 
relative motion between the quark and the antiquark, so that the 
tree-level invariant matrix element for H → V γ can be written as
M= 4
√
3eeqφ0
m2H −m2V
(
mV GF
2
√
2
) 1
2
× [cS{2(ε∗γ · pV )(ε∗V · k)− (m2H −m2V )(ε∗γ · ε∗V )}
− 2cPμνρλε∗μγ kν pρV ε∗λV
]
, (4)
where ε∗γ (V ) is the polarization of the photon (V ), k and pV are 
the four-momenta of the photon and V , respectively, and φ0 is the 
wave function of the qq¯ state at zero three-momentum. Since we 
neglect the relative motion of the quark and the antiquark in V , φ0
can be considered real. Its magnitude can be measured directly in 
experiments from the quarkonium decay to a pair of leptons using 
the decay-rate formula
Γ
(
V → l+l−)= e2qe4φ20
πm2V
. (5)
Subleading NRQCD corrections give rise to a tiny phase in φ0 [12], 
and also modify the coeﬃcient of each term in Eq. (4). Ref. [35]
contains a detailed discussion of the NRQCD corrections to the 
H → V γ amplitude. In our ﬁrst attempt to probe new physics in 
this decay, we neglect the subleading contributions.
Eq. (4) can be written in a more familiar form by going to 
the rest frame of the V . We can then deﬁne ε∗LV ≡ ε∗V · kˆ and 
ε∗TV ≡ ε∗V − ε∗LV kˆ. In the linear polarization basis, also known as 
the transversity basis, we have
M= H‖ ε∗TV · ε∗γ + iH⊥kˆ ·
(ε∗TV × ε∗γ ), (6)
where
H‖ = 4
√
3eeqφ0
(
mV GF
2
√
2
) 1
2
cS ,
H⊥ = 4
√
3eeqφ0
(
mV GF
2
√
2
) 1
2
icP . (7)
Note that H⊥ is proportional to cP , so that it can arise only if the 
pseudoscalar Hqq¯ coupling is nonzero.
There are several things to notice about Eq. (6). First, there is 
no term involving the longitudinal polarization. This is because the 
ﬁnal-state photon is on shell, and a massless particle has no longi-
tudinal polarization. Second, the only P-odd observable in |M|2 is 
the triple product (TP) kˆ · (ε∗TV × ε∗γ ). It arises due to the interfer-
ence between the H‖ and H⊥ terms, and is proportional to cScP . 
Third, and most important, the measurement of a nonzero value 
for the TP would indicate the presence of a NP pseudoscalar Hqq¯
coupling cP . However, this requires knowledge of the photon po-
larization ε∗γ . Unfortunately, given that the photon does not decay, 
ε∗γ cannot be determined. The upshot is that H → V γ cannot be 
used to extract information about cP .3.2. H → V Z
The problem with H → V γ can be remedied by replacing the 
photon with a vector that does decay, so that its polarization can 
be measured. This naturally leads us to examine H → V Z . How-
ever, unlike the photon, the Z can couple to the Higgs at tree level. 
Thus, there is an additional tree-level contribution to this process, 
as shown in the middle diagram of Fig. 2. Since this diagram also 
contributes to the indirect coupling of the Higgs to the quarks in 
V , just like the loop-level indirect-coupling diagram on the right, it 
does not generate a P-odd term in the H → V Z decay amplitude. 
In what follows we once again focus only on the direct-coupling 
diagram.
As before, we can write down the leading-order NRQCD tree-
level invariant matrix element for the direct decay as
M=
√
3cV gφ0
cos θW (m2H −m2V +m2Z )
(
mV GF
2
√
2
) 1
2
× [cS{2(ε∗Z · pV )(ε∗V · pZ )− (m2H −m2V −m2Z )(ε∗Z · ε∗V )}
− 2cPμνρλε∗μZ pνZ pρV ε∗λV
]
, (8)
where cV is the vector Zqq¯ coupling in the SM. For up-type 
quarks cV = 1 − (8/3) sin2 θW , while for down-type quarks cV =
1 + (4/3) sin2 θW . Note that there is also an axial-vector Zqq¯ cou-
pling. However, its contribution to the matrix element for H → V Z
vanishes to leading order in NRQCD.
Once again, in the rest frame of the V , Eq. (8) takes a more fa-
miliar form. Let kˆ represent the direction of the Z in this frame. 
With respect to kˆ we can now deﬁne longitudinal and transverse 
components of both the V and Z polarizations. In the linear polar-
ization (transversity) basis, we have
M= H0 ε∗LV · ε∗LZ + H‖ ε∗TV · ε∗TZ + iH⊥kˆ ·
(ε∗TV × ε∗TZ ), (9)
where
H0 =
√
3cV cS gφ0
cos θW
(
mV GF
2
√
2
) 1
2
× 4m
2
Vm
2
Z
(m2H −m2V −m2Z )(m2H −m2V +m2Z )
,
H‖ =
√
3cV cS gφ0
cos θW
(
mV GF
2
√
2
) 1
2 m2H −m2V −m2Z
m2H −m2V +m2Z
,
H⊥ = i
√
3cV cP gφ0
cos θW
(
mV GF
2
√
2
) 1
2 V
m2H −m2V +m2Z
,
V =
√(
m2H − (mV +mZ )2
)(
m2H − (mV −mZ )2
)
. (10)
As in Eq. (7), H⊥ is nonzero only if cP is nonzero.
As was the case for H → V γ , we can see from Eq. (9) that 
there is a P-odd TP kˆ · (ε∗TV × ε∗TZ ) in |M|2 due to the interference 
of the H⊥ term with the H0 or H‖ terms. In this case, the TP is 
measurable since ε∗TZ can be found by studying the decay products 
of the Z . Since H⊥ is proportional to cP , the nonzero measurement 
of the TP is a clear signal of a nonzero cP .
Let us examine the helicity amplitudes in more detail. Consider 
the decay H → J/ψ Z , which can be used to probe the direct cou-
pling of the Higgs to cc¯. Using mH = 125 GeV, mZ = 91.2 GeV, and 
m J/ψ = 3.097 GeV, we ﬁnd
|H0|
|H‖| =
4m2J/ψm
2
Z
(m2 −m2 −m2 )2 = 6× 10
−3,H J/ψ Z
424 B. Bhattacharya et al. / Physics Letters B 736 (2014) 421–427Fig. 2. Feynman diagrams for H → V Z , where V represents a qq¯ state. The left-hand diagram involves the direct coupling of the Higgs to the quarks in V , while in the 
middle and right-hand diagrams the Higgs couples only indirectly to the quarks in V .|H⊥|
|H‖| =
 J/ψ
m2H −m2J/ψ −m2Z
|cP |
|cS | ∼
|cP |
|cS | . (11)
Thus, for the direct-coupling diagram, we see that the longitudi-
nal piece of the amplitude, H0, is much smaller than a transverse 
piece, H‖ . However, the magnitudes of the two transverse compo-
nents, H‖ and H⊥ , can be comparable to one another if cP and 
cS are of a similar size. In addition, the indirect decay amplitude 
arising from the middle and right-hand diagrams in Fig. 2 can con-
tribute to H0 and H‖ . These contributions have been evaluated in 
[36,37], and their effect is generally to increase the magnitudes of 
both H0 and H‖ . However, these diagrams do not contribute to H⊥
and hence leave its structure unchanged.
The most complete study of H → V Z involves an angular anal-
ysis, which permits the extraction of H0, H‖ and H⊥ . This is dis-
cussed in the following section.
4. H → V Z : angular analysis
In the Higgs rest frame, the V and the Z are back to back. Since 
the Higgs is spinless, this decay distribution is isotropic. However, 
the angular information obtained in H → V Z when the V and Z
each decay to a pair of leptons is sensitive to the helicity ampli-
tudes H0, H‖ and H⊥ . The analysis of the decay of a scalar particle 
to a pair of vectors that subsequently decay to leptons has been 
studied in the context of meson decays in Refs. [38–41]. Here we 
apply this technique to the decay H → V Z .
In the rest frame of the decaying Higgs, we choose our coor-
dinates such that the decay is along the z-axis. The subsequent 
decays of the V and the Z , each into a pair of leptons, can be char-
acterized in terms of three angles: the polar angles θV (Z) corre-
sponding to the V (Z) → l+l− decay axes in the V (Z) rest frames, 
and the azimuthal angle φ between the two directions. Using the 
results of Appendix A, the differential decay rate for H → V Z can 
be written as a function of φ as follows:
2π
Γ
dΓ
dφ
= 1+ 4cos(2φ)X + 1
2
sin(2φ)Y , (12)
where
X = |H‖|
2 − |H⊥|2
|H0|2 + |H‖|2 + |H⊥|2 ,
Y = Im(H‖H
∗⊥)
|H0|2 + |H‖|2 + |H⊥|2 . (13)
Since Y is linear in H⊥ , it is proportional to the P-odd coupling cP . 
Thus, the measurement of a nonzero Y gives a clear signal of NP 
in Higgs decays.
The advantage of performing an angular analysis with only φ
is that it does not require the high statistics needed to perform 
a complete angular analysis. Y can be simply extracted in experi-
ments as follows:Y = π
Γ
[ π/2∫
0
dΓ
dφ
dφ −
π∫
π/2
dΓ
dφ
dφ +
3π/2∫
π
dΓ
dφ
dφ −
2π∫
3π/2
dΓ
dφ
dφ
]
.
(14)
Similarly, one can extract X using a different asymmetric inte-
gral over φ. Furthermore, since there are only two unknowns, 
cS and cP , the simultaneous measurement of X and Y allows one 
to obtain both cS and cP . Note that this holds even in the case that 
H‖ receives a signiﬁcant contribution from the indirect coupling of 
the Higgs to quarks via intermediate gauge bosons. Since infor-
mation about such couplings is available entirely from the Higgs 
decay to gauge bosons, effectively cS and cP are still the only un-
known parameters.
Alternatively, one can use the full angular distribution for H →
(l+l−)V (l+l−)Z as a function of θV , θZ and φ to extract H0, H‖
and H⊥ . The derivation of the differential decay rate for H → V Z
is given in Appendix A. The result presented there is model-
independent, and simply describes a Higgs decay to a pair of 
spin-one particles, each of which subsequently decays to a pair 
of (massless) leptons. Combining the results in Appendix A with 
those in Section 2, we ﬁnd
dΓ
d cos θV d cos θZdφ
= |H0|2W00 + |H‖|2W‖‖ + |H⊥|2W⊥⊥
+ Re[H0H∗‖]W0‖
+ Im[H‖H∗⊥]Y‖⊥ + Im[H0H∗⊥]Y0⊥, (15)
where the W ′s and Y ′s, which are functions of θV , θZ and φ, are 
listed in Eq. (27). Asymmetric angular integrations over θV , θZ and 
φ can be used to separate the coeﬃcients of the angular functions. 
The individual helicity amplitudes H0, H‖ , and H⊥ can then be 
obtained from a combined ﬁt to these extracted coeﬃcients. Since 
the three helicity amplitudes are functions of only two unknowns, 
cS and cP , one can solve for these unknowns, but with a certain 
redundancy. This shows that the full angular analysis provides ad-
ditional cross checks for the validity of this formalism.
Finally, we note that the angular analysis presented in this sec-
tion is similar to that used to study H → Zl+l− in Refs. [5,7]. These 
papers consider the general distribution for H → Zl+l− , which can 
in principle include the contribution from H → V Z , with the V
decaying to the lepton pair. However, in the SM the dominant 
contribution to this decay comes at tree level from H → Z Z∗ , 
with the off-shell Z∗ decaying to the lepton pair. Because an-
gular momentum is conserved in both H → (l+l−)V (l+l−)Z and 
H → (l+l−)Z (l+l−)Z∗ , the expressions for the angular distributions 
for both processes are similar [8]. On the other hand, while the 
study of H → (l+l−)Z (l+l−)Z∗ sheds light on the coupling of the 
Higgs to gauge bosons, our primary objective is to study the cou-
plings of the Higgs to fermions. As explained earlier, a decay distri-
bution of H → (l+l−)V (l+l−)Z that is asymmetric in the azimuthal 
angle φ can arise only due to a P-odd direct coupling of the Higgs 
to the quarks in V .
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Several new-physics scenarios suggest that the Higgs boson can 
couple to quarks through a dimension-six operator which is odd 
under parity. In this Letter, we discuss the consequences of such 
a P-odd pseudoscalar coupling on the decay processes H → V γ
and H → V Z , in particular through triple-product (TP) correla-
tions. Although the pseudoscalar Hqq¯ coupling gives rise to a TP 
in H → V γ , it is not possible to retrieve information about the TP 
since the photon polarization cannot be measured. We show that 
this problem can be remedied by studying H → V Z , in which both 
V and Z decay to a pair of leptons. The dependence of the decay 
rate on the azimuthal angle between the planes of leptons from 
the two decays can be used to separate the P-even and P-odd cou-
plings of the Higgs to the quarks.
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Appendix A
In the rest frame of the decaying Higgs, we choose our coor-
dinates such that the decay is along the z-axis. The amplitude for 
H → V Z depends on the helicities of the two vectors, and can be 
written as
AH→V ZλV ,λZ = D0∗0,λV −λZ (0,0,0)HλV λZ
= δλV λZ HλV . (16)
Here λX represents the helicity of the particle X , D
J
M,M′ represents 
the Wigner D functions, which are the matrix elements of the ro-
tation operator between eigenstates of angular momentum, and H
represents the matrix elements for the Higgs decay. Although H
depends on the helicities of both vectors, angular-momentum con-
servation requires that the two vectors have the same helicity. The 
helicity of a massive particle can take the values 0, ±1. Since the 
initial particle is spinless, its decay amplitude is spherically sym-
metric, justifying our arbitrary choice of coordinate axes.
We now allow the vector V and the Z to decay, each to an l+l−
pair. The subsequent decay axis for the V decay can be charac-
terized by a polar angle θV with respect to the spin-quantization 
axis of the vector, chosen to be along the z-axis. The decay axis 
for the Z decay can be parametrized by a second polar angle (θZ ) 
and an azimuthal angle (φ). The helicities of the ﬁnal-state lep-
tons can take the values ± 12 . However, the vector and axial-vector 
currents in the electromagnetic and weak interactions of the SM 
require that the pair of massless leptons have opposite helicities. 
Thus, without loss of generality, the ﬁnal-state helicity can be rep-
resented by λl = λl− − λl+ , which can take the values ±1. The 
amplitude for the decay H → (l+l−)V (l+l−)Z depends on the lep-
tonic helicity differences for the two pairs of ﬁnal-state leptons 
(λl and λ′l ), and can be written as
A
H→(l+l−)V (l+l−)Z
λl,λ
′
l
=
∑
λV ,λZ
δλV λZ HλV D
1∗
λV ,λl
(0, θV ,0)
× V (V )λl D1∗λZ ,λ′l (φ, θZ ,−φ)V
(Z)
λ′l
=
∑
ei(λ−λ′l)φd1λ,λl (θ1)d
1
λ,λ′l
(θZ )HλV
(V )
λl
V (Z)
λ′l
. (17)
λThe angular distribution for H → (l+l−)V (l+l−)Z can be ex-
pressed as
dΓ
d cos θV d cos θZdφ
=
∑
λl,λ
′
l
∣∣AH→(l+l−)V (l+l−)Z
λl,λ
′
l
∣∣2
=
∑
λ,λ′
ei(λ−λ′)φHλH∗λ′ X
(V )
λλ′ (θV )X
(Z)
λλ′ (θZ ), (18)
where
X (i)
λλ′(θi) =
∑
λl
d1λ,λl (θi)d
1
λ′,λl (θi)
∣∣V (i)λl ∣∣2. (19)
From the above, Xλλ′ is symmetric under the exchange of λ and λ′ . 
λ and λ′ can each take the values 0 and ±1. Thus, we can write 
the six components as follows:
X (i)++(θi) =
1
4
[(
1+ cos2 θi
)(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2)
+ 2cos θi
(∣∣V (i)+ ∣∣2 − ∣∣V (i)− ∣∣2)],
X (i)−−(θi) =
1
4
[(
1+ cos2 θi
)(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2)
− 2cos θi
(∣∣V (i)+ ∣∣2 − ∣∣V (i)− ∣∣2)],
X (i)00(θi) =
1
2
sin2 θi
(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2),
X (i)+−(θi) =
1
4
sin2 θi
(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2),
X (i)+0(θi) =
sin θi
2
√
2
[(∣∣V (i)+ ∣∣2 − ∣∣V (i)− ∣∣2)+ cos θi(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2)],
X (i)0−(θi) =
sin θi
2
√
2
[(∣∣V (i)+ ∣∣2 − ∣∣V (i)− ∣∣2)− cos θi(∣∣V (i)+ ∣∣2 + ∣∣V (i)− ∣∣2)].
(20)
The above result is completely general. However, it simpliﬁes 
when we take into account certain properties of the V and Z
decays. The decay to V → l+l− is electromagnetic. Since the elec-
tromagnetic interaction preserves parity, |V (V )+ | = |V (V )− |. On the 
other hand, the amplitude for Z → l+l− can be written as,
M= g
4cos θW
μ
[(
c′V + c′A
)
u¯Rγ
μvR +
(
c′V − c′A
)
u¯Lγ
μvL
]
,
(21)
where c′V = 4 sin2 θW − 1 and c′A = 1. This implies that |V (Z)− | =
c′V −c′A
c′V +c′A |V
(Z)
+ |. Using these, we can simplify our earlier results. For 
the V we ﬁnd
X (V )++(θV ) =
1
4
(
1+ cos2 θV
)
NV ,
X (V )−−(θV ) =
1
4
(
1+ cos2 θV
)
NV ,
X (V )00 (θV ) =
1
2
sin2 θV NV ,
X (V )+−(θV ) =
1
4
sin2 θV NV ,
X (V )+0 (θV ) =
sin2θV
4
√
2
NV ,
X (V )0− (θV ) = −
sin2θV
4
√
2
NV , (22)
where NV = |V (V )+ |2 + |V (V )− |2. For the Z we ﬁnd
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1
4
[(
1+ cos2 θZ
)+ 4c′vc′a
c′ 2v + c′ 2a
cos θZ
]
NZ ,
X (Z)−−(θZ ) =
1
4
[(
1+ cos2 θZ
)− 4c′vc′a
c′ 2v + c′ 2a
cos θZ
]
NZ ,
X (Z)00 (θZ ) =
1
2
sin2 θZ NZ ,
X (Z)+−(θZ ) =
1
4
sin2 θZ NZ ,
X (Z)+0 (θZ ) =
sin θZ
2
√
2
[
2c′vc′a
c′ 2v + c′ 2a
+ cos θZ
]
NZ ,
X (Z)0− (θZ ) =
sin θZ
2
√
2
[
2c′vc′a
c′ 2v + c′ 2a
− cos θZ
]
NZ , (23)
where NZ = |V (Z)+ |2 + |V (Z)− |2.
Thus the angular distribution for H → (l+l−)V (l+l−)Z of
Eq. (18) can be expressed as
dΓ
d cos θV d cos θZdφ
= |H0|2Ω00(θV , θZ ) + |H+|2Ω++(θV , θZ )
+ |H−|2Ω−−(θV , θZ )
+ Re[e2iφH+H∗−]Ω+−(θV , θZ )
+ Re[eiφH+H∗0]Ω+0(θV , θZ )
+ Re[e−iφH−H∗0]Ω0−(θV , θZ ), (24)
where
Ω++(θV , θZ ) =
1
16
(
1+ cos2 θV
)
×
[(
1+ cos2 θZ
)+ 4c′vc′a
c′ 2v + c′ 2a
cos θZ
]
,
Ω−−(θV , θZ ) =
1
16
(
1+ cos2 θV
)
×
[(
1+ cos2 θZ
)− 4c′vc′a
c′ 2v + c′ 2a
cos θZ
]
,
Ω00(θV , θZ ) =
1
4
sin2 θV sin
2 θZ ,
Ω+−(θV , θZ ) =
1
8
sin2 θV sin
2 θZ ,
Ω+0(θV , θZ ) =
sin2θV sin θZ
8
[
2c′vc′a
c′ 2v + c′ 2a
+ cos θZ
]
,
Ω0−(θV , θZ ) = −
sin2θV sin θZ
8
[
2c′vc′a
c′ 2v + c′ 2a
− cos θZ
]
. (25)
Finally, it is also interesting to express all our results in the 
transversity basis deﬁned by H‖ = (H+ + H−)/
√
2 and H⊥ =
(H+ − H−)/
√
2. In this basis, we can rewrite Eq. (24) as
dΓ
d cos θV d cos θZdφ
= |H0|2W00(θV , θZ , φ) + |H‖|2W‖‖(θV , θZ , φ)
+ |H⊥|2W⊥⊥(θV , θZ , φ)
+ Re[H‖H∗⊥]W‖⊥(θV , θZ , φ) + Re[H0H∗‖]W0‖(θV , θZ , φ)
+ Re[H0H∗⊥]W0⊥(θV , θZ , φ)
+ Im[H‖H∗⊥]Y‖⊥(θV , θZ , φ) + Im[H0H∗‖]Y0‖(θV , θZ , φ)
+ Im[H0H∗⊥]Y0⊥(θV , θZ , φ), (26)where
W00(θV , θZ , φ) =
1
4
sin2 θV sin
2 θZ ,
W‖‖(θV , θZ , φ)
= 1
16
[(
1+ cos2 θV
)(
1+ cos2 θZ
)+ cos2φ sin2 θV sin2 θZ ],
W⊥⊥(θV , θZ , φ)
= 1
16
[(
1+ cos2 θV
)(
1+ cos2 θZ
)− cos2φ sin2 θV sin2 θZ ],
W‖⊥(θV , θZ , φ) =
1
2
c′vc′a
c′ 2v + c′ 2a
(
1+ cos2 θV
)
cos θZ ,
W0‖(θV , θZ , φ) =
1
8
√
2
sin2θV sin2θZ cosφ,
W0⊥(θV , θZ , φ) =
1
2
√
2
c′vc′a
c′ 2v + c′ 2a
sin2θV sin θZ cosφ,
Y‖⊥(θV , θZ , φ) =
1
8
sin2 θV sin
2 θZ sin2φ,
Y0‖(θV , θZ , φ) =
1
2
√
2
c′vc′a
c′ 2v + c′ 2a
sin2θV sin θZ sinφ,
Y0⊥(θV , θZ , φ) =
1
8
√
2
sin2θV sin2θZ sinφ. (27)
Integrating Eq. (26) over the polar angles θV and θZ , it is straight-
forward to obtain Eq. (12).
References
[1] G. Aad, et al., ATLAS Collaboration, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214 
[hep-ex].
[2] S. Chatrchyan, et al., CMS Collaboration, Phys. Lett. B 716 (2012) 30, 
arXiv:1207.7235 [hep-ex].
[3] The ATLAS Collaboration, ATLAS-CONF-2014-009.
[4] The CMS Collaboration, CMS-CR-2014-018.
[5] G. Buchalla, O. Cata, G. D’Ambrosio, Eur. Phys. J. C 74 (2014) 2798, arXiv:
1310.2574 [hep-ph].
[6] Y. Chen, R. Harnik, R. Vega-Morales, arXiv:1404.1336 [hep-ph], and references 
therein [3–33].
[7] M. Beneke, D. Boito, Y.-M. Wang, arXiv:1406.1361 [hep-ph].
[8] See for instance A. Menon, T. Modak, D. Sahoo, R. Sinha, H.-Y. Cheng, Phys. Rev. 
D 89 (2014) 095021, arXiv:1301.5404 [hep-ph].
[9] J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos, Early studies of H → γ γ include, 
Nucl. Phys. B 106 (1976) 292;
M.A. Shifman, A.I. Vainshtein, M.B. Voloshin, V.I. Zakharov, Sov. J. Nucl. Phys. 
30 (1979) 711, Yad. Fiz. 30 (1979) 1368.
[10] J. Ellis, D.S. Hwang, K. Sakurai, M. Takeuchi, J. High Energy Phys. 1404 (2014) 
004, arXiv:1312.5736 [hep-ph];
A. Kobakhidze, L. Wu, J. Yue, arXiv:1406.1961 [hep-ph].
[11] G. Aad, et al., ATLAS Collaboration, arXiv:1406.7663 [hep-ex].
[12] G.T. Bodwin, F. Petriello, S. Stoynev, M. Velasco, Phys. Rev. D 88 (2013) 053003, 
arXiv:1306.5770 [hep-ph].
[13] A.L. Kagan, G. Perez, F. Petriello, Y. Soreq, S. Stoynev, J. Zupan, arXiv:1406.1722 
[hep-ph].
[14] F. Wilczek, Phys. Rev. Lett. 39 (1977) 1304.
[15] W.-Y. Keung, Phys. Rev. D 27 (1983) 2762.
[16] G.F. Giudice, O. Lebedev, Phys. Lett. B 665 (2008) 79, arXiv:0804.1753 [hep-ph].
[17] G. Isidori, A.V. Manohar, M. Trott, Phys. Lett. B 728 (2014) 131, arXiv:1305.0663 
[hep-ph].
[18] C. Englert, A. Freitas, M. Muhlleitner, T. Plehn, M. Rauch, M. Spira, K. Walz, 
arXiv:1403.7191 [hep-ph].
[19] W. Buchmuller, D. Wyler, Nucl. Phys. B 268 (1986) 621.
[20] B. Grzadkowski, M. Iskrzynski, M. Misiak, J. Rosiek, J. High Energy Phys. 1010 
(2010) 085, arXiv:1008.4884 [hep-ph].
[21] C. Delaunay, T. Golling, G. Perez, Y. Soreq, Phys. Rev. D 89 (2014) 033014, 
arXiv:1310.7029 [hep-ph].
[22] A. Datta, Phys. Rev. D 78 (2008) 095004, arXiv:0807.0795 [hep-ph].
[23] M. Trott, M.B. Wise, J. High Energy Phys. 1011 (2010) 157, arXiv:1009.2813 
[hep-ph].
[24] M. Jung, A. Pich, P. Tuzon, J. High Energy Phys. 1011 (2010) 003, arXiv:
1006.0470 [hep-ph].
B. Bhattacharya et al. / Physics Letters B 736 (2014) 421–427 427[25] W. Altmannshofer, S. Gori, G.D. Kribs, Phys. Rev. D 86 (2012) 115009, arXiv:
1210.2465 [hep-ph].
[26] A. Dery, A. Efrati, G. Hiller, Y. Hochberg, Y. Nir, J. High Energy Phys. 1308 (2013) 
006, arXiv:1304.6727 [hep-ph].
[27] A.L. Kagan, G. Perez, T. Volansky, J. Zupan, Phys. Rev. D 80 (2009) 076002, 
arXiv:0903.1794 [hep-ph].
[28] A. Manohar, H. Georgi, Nucl. Phys. B 234 (1984) 189.
[29] G.F. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, J. High Energy Phys. 0706 
(2007) 045, arXiv:hep-ph/0703164.
[30] C. Delaunay, C. Grojean, G. Perez, J. High Energy Phys. 1309 (2013) 090, arXiv:
1303.5701 [hep-ph].
[31] K.S. Babu, S. Nandi, Phys. Rev. D 62 (2000) 033002, arXiv:hep-ph/9907213.
[32] J. Brod, U. Haisch, J. Zupan, J. High Energy Phys. 1311 (2013) 180, arXiv:
1310.1385 [hep-ph].[33] W.E. Caswell, G.P. Lepage, Phys. Lett. B 167 (1986) 437.
[34] G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51 (1995) 1125, arXiv:hep-ph/
9407339;
G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 55 (1997) 5853 (Erratum).
[35] G.T. Bodwin, H.S. Chung, J.-H. Ee, J. Lee, F. Petriello, arXiv:1407.6695 [hep-ph].
[36] M. Gonzalez-Alonso, G. Isidori, Phys. Lett. B 733 (2014) 359, arXiv:1403.2648 
[hep-ph].
[37] D.-N. Gao, arXiv:1406.7102 [hep-ph].
[38] J.D. Richman, CALT-68-1148.
[39] G. Kramer, W.F. Palmer, Phys. Rev. D 45 (1992) 193.
[40] A.S. Dighe, I. Dunietz, H.J. Lipkin, J.L. Rosner, Phys. Lett. B 369 (1996) 144, 
arXiv:hep-ph/9511363.
[41] B. Bhattacharya, A. Datta, M. Duraisamy, D. London, Phys. Rev. D 88 (2013) 
016007, arXiv:1306.1911 [hep-ph].
